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1.0 SUMMARY

The simuletion program will investigate methods of manual
Rendezvous of the LEM with the CSM, and measure pilot performance
during this phase of the mission for various vehicle configurations
and modes of the FCS.

The progrem assumes the LEM nominally having completed its powered
ascent trajectory end coasting in orbit with a maximum resultant range of
30 nauticel mlles and a closing rate with respect to the CSM. Rendezvous
from an equiperiod orbit will be also investigated,

A fixed based, six degree of freedom simulation is being utilized
for this study. The cockplt, located in the XKlue Ball, has been
sufficlently instrumented for the Rendezvous mission., It also contains
a three exis Tebar controller, a translation thrust controller, and
the neceseary RCS mode select switches. 8Six degree of freedom ILEM
rigld body equations of motion, LEM radar deta equations, RCS equations,
starfield and target drive equations have been programmed for solution
on analog computers located in the GAEC Analog Facility. A special
purpose unit containing pulse modulstors and logie solving devices has
been fabricated and interfaced with the computer to provide the proper
inputs to the LEM axial forces and moment terms as & function of
error signal and control mode selection.

The starfield and target display system provides the pilot with
sufficiently realistic visuasl data with which he will attempt Rendezvous
during the more degraded modes of operation,

The complete experimental test matrix is detailed in Section 5.0
and will be run in the following manner. A preliminary experimental
test matrix has been formulated consisting of basic control system
and mass density variation experiments. Also included are ‘the more
difficult Rendezvous part tasks, The results of the above will be
evaluated to provide the foundatioq for the remaining run schedule.
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2.0 INTRODUCTION

The manual Rendezvous portion of the LIM mission will be investigated
in two distinct simulations.,

The Phase A study, providing design information to the various LEM
engineering groups, will be run in its entirety at GAEC using available
"in=house" equipment. This program is known as the Rendezvous Simulation
ITA and is described in this report. The run schedule will commence in
August, 1963 and run & minimum of two months,

 The Phase B Rendezvous Study will be a part of the IIB Descent,
Ascent and Abort Simulation, The aims of the Rendezvous portion of the
ITB simulation include checkout of available LEM hardware, FMES hardware
and evaluation of the latest Rendezvous end training techniques. Major
facilities to be utilized include a fixed bese LJM prototype cabin,
higher quality visual displays, a three axis flight table, a camdbined
anslog~digital computer system and the necessary peripheral equipment.
The program 1s scheduled to begin formal operations March 1, 1964 and
be completed December 31, 1964,

2.1 Obdectives of the Simulatlon

The major objectives of the manual Rendezvous IIA Simulation
are to:

1) Bwwsluate manual Rendezvous methods including line of sight
mulling, range and range rate nulling, and combinations of
the two at various intervals,

2) Determine pilot performance in terms of fuel and time
consumed, terminal range, and range rate for Rendezvous from
equiperiod, low thrust, and nominal copplanar trajectories,
commencing 20 to 30 miles from the CM, :

3) Verify systems operability in various degraded modes re=
quiring menual operation and make any recommendations for
system design improvements, The various levels of funectional
operation for manual flight control are:

a) Radar guidance; full instrument display (PNGS failure)

b) Radar guidance; partial instrument display
(PNGS and attitude indicator failure)
c) COM radar guldance, voice comments; attitude dlsplay

(PNGS and LEM radar failure)

a) Visusl guidance; no display (PNGS, radar, & attitude
indicator fallure)

e) Flight Control System Modes with simulated nolse;
for single and dual failures in RCS with both Jjet on
and Jet off condltions

Other objectives of this simulation are to messure pilot/system
performance for mass densit; variations and to adjust the FOS dead-
band to study vehicle response and pilot handling characteristlics.
In addition, the simulation will measure Rendezvous detection
characteristics; attitude, 10S rate, range, and range reate limits
and response characteristics and training time requirements.
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3,1.1.1

3.1.1.2

SIMULATION DESCRIPTION

General

The major components (Figure 1 ) utilized are a L®M cabin
mocksup, 8 visual display coneisting of a starfield and target
generators, four Analog computers solving the necessary equations
and a RCS modulator and jet logic box, These are dzscribed in
greater detall below.

LM Cabin Mockdqg

The LEM cabin mockeup, situated in the Blue Ball (Figure 2 ),
containg the fixed base crew station with the necessary Rendezvous
mission instruments, right handed attitude controller, left handed
translation controller, and RCS mode selection panel. No attempt
has been made to up-date the design configuration of the cabin
to the present LEM configuration.

Cabin Instruments

The following information is presented to the pilot as an
aid in Rendezvous on the cockpit instrument panel as in Filgure 3 .,
The instrument scaling and pertinent data is detailed in Table 1 .
Various instrument fallure modes will be accomplished on the Analog
computer,

Controllers

A threee-axis T-handle finger tip controller, attached to
the right arm of the pilot seat, is provided for attitude control.
A built-in electrical dead zone circuit (sirmlating the actual
controller detent switches) allows the stick dead zone to be
adjusted to minimize unwanted cross-coupling, Motion beyond this
dead zone produces a linear voltege &s a function of position as
shown in the controller calibration curve (Figure 4 ). In the
attitude hold modae, the controller output provides proportional
rate commands with the attitude hold occurring when the stick re=
turng to nenkral. Full throw sensitivity has been set in this mode
at 10°/sec. In the direct minimum impulse train, minimum impulse
one=shot or oneoff modes, the proper output ie generated when
motion beyond the dead zone occurs.

The left handed translation controller, attached to the
instrumentation panel ag in Figure 3 , No. 1, provides three
axis translation control, The translation controller is capable
in the direct mode of either on-off, minimum impulse train or
minimum impulse one-shot Jet commands.
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301.1-3

RCS Mode Selection and Malfunction Detection Panel

The RCS Mode Selection and Malfunction Detection Panel
(Pigure 5 ) is located on the front wall of the cockpit as shown
in Figure 3 , No. 8. The RCS mode selection portion of the panel
allows the pilot to select the following modes of control:

1. Rotational Motion

a. Attitude Hold (Closed loop) ’
'b. Direct Minimum Impulse Train (Open Loop)
c. Direct "On-Off" (Open Loop)

2. Translational Motion

a. Minimum Impulse Train (Open Loop)
b. "On-0ff" (Open ILoop)

The present configuration of the modulator and jet logic box and
the analog progrem allows the pilot to switch between tlie open
loop modes and from clcsed loop to open loop modes but not from
open loop to closed loop control while in flight. The rotational
and translational one-shot modes may only be selected from the
control panel on the modulator and jet logic box. The mode of
attitude control can be selected on an individual axis basis,
while translational control in the three axis must be in the same
mode. The automatic and attitude command modes and the deadbhand
select switch shown in Figure 5 have not been installed. The Mal=
function Detection Panel presently contains jet pair shutoff
switches with light indicators to show what switches have been
thrown.

. v REPORT LED-S'TO-3
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3.1.2 Visual Displsey

. The visual display, consisting of the starfield proJjector and
: target generator, is mounted on top of the LEM cabin (Figure 2 )
The starfield projector provides stars of approximately one inch
diameter on the inner spherical surface of the Blue Bsll, This is
accomplished by an approximate point light source inside a one foot
diameter perforated sphere. The target generator provides a target
image one half inch in size at thirty nautical miles that grows
proportionally as the range decreases. A blink rate of twice per
second or e constant target image is available.

The display system is mounted in e five-axis gimbal system,
the two inner gimbals containing the target generator. The following
are the approximate gimbal limits in the various pllot axis:

1. Starfield pitch +30°

2, Starfield roll +30°

3. Starfield yaw +30°

L, fTarget pitch +30° WRT Starfield Pitch Gimbal
5. Target yew +15°  WRT Starfield Yew Gimbal

atrorr LED-570-13
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3.1.3

Programmed Equations of Motion

The equations of motion are discussed in this section as to -
their derivation, assumptions involved and method of programming,
A description of the visual display drive and instrument drive .
equations is also presented. The assumptions made for this sim-
ulation are as follows:

a. The TUSM is assumed to be in a circular lunar orbit. ‘

b. The relative distance between the LEM and CSM is assumed
to be small compared-with the CSM orbital altitude,

¢. The relative angular displacement between the LEM and
C3M with respect to the moon center is assumed to be
small.

d. Reaction jet fuel consumption during the rendezvous
mission is assumed to cause a negligible change in
ILEM mase, inertiae, and C.G. position.

e. The exhaust gases are assumed to have ‘no angula.r velos
city with respect to the LEM,

f. Jet demping forces are assumed to be negligible.

g, The reaction jets are assumed to have no thrust misaligne
mentc )

The resulting equations of motion are shown in block @iae
gram form in figure ¢ , and the coordinate systems referred to
in the block diagram are in figures 7 through 11 .

The inertial (XYZ) coordinate system in figure 7 has its
origin at the moon's geometric center, with the XY-plane coine
ciding with the moon's equatorial plane and the Z-axis coincid=
ent with the moon's spin axis, The local vertical ENY) axes
shown in figure 7 move with the LEM, with thes - axie pointing
away from the moon's center and N and j axes polinting east and
north, respectively. The relationship between the initial body
axes (xm ’ YBi 1 Zgy ) and local vertical is shown in figure g .

The translational equations of motion, derived in reference
(1), describe the relative position of the LEM with respect to
the CSM, and contribute to the calculation of the relative
velocity between the two vehicles. With the translational equa=
tions developed in this form, the need is eliminated to first
compute each vehicle's inertial velocity and position of the two
vehicles. The geometry of the translational equetions is shown
in figure g.

The rotational equations of motion are referenced to the
LEM body axes. Products-of-inertia terms are included in the
equations so that the effects of variastions in C.G. position and
inertias on vehicle handling qualities may be investigated.

Figure 10 shows the order of Euler angle rotation used ‘in
the analysis.

SN o 1073
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3.1.3 (Continued)

.

Azimuth and elevation angles to the line of sight are
referenced to the Zg axis as shown in figure 1l because of the
pilot's orientation to the LEM Zp axis.

The equatione in Figure 6 are based upon the LEM RCS Jet
configuration shown in figure 1k,

Figure 12 (s - 1) shows the Analog simulatlon of the equations
of motlon, starfield drive and target drive equations,

(1)

Reference: Burri, H. U.: "Linearized Equations of Motion of a
Mass Particle in g Central Force Fleld",
RCS Systems Memo
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3.1.4 Reaction Jet Control System

This section presents a summary of the Reaction Jet cOntrol
Syatem simulation.

Fig.13 shows a schematic diagram of the translational and
rotational control systems indicating the modes attainable in
each and the feedback loops of the stability augmentation mode.
The translation comtrol is capable in the direct mode of either:

a) on-off |

b) minimum impulse train, or

c) minimum impulse one-shot jet command.
The rotation control is capable of either d;recﬁ mode -

a) on-off
b) minimum impulse train, or
¢) minimm impulse one-shot jet command

The stability asugmentation mode i1s capable of:
a) pulse ratio modulation Jet comand.

The rate gyro loop and the attitude gyro loop may be failed
for investigative purposes.

The attitude gyro loop is operated by a function relay,
vhich under normal operation, transmits this signal when the rate
command ig within the dead zone of the rotational controller but
prevents its transmission when any rate command is activated.

, - An analog block diagram of the control system external to
the modulator box and logic box is presented in Figures 12(s-e)
These figures indicate the analog computer equipment required to:

a) generate the signals necessary to activate the :eactlon
Jet pulses,

b) . form the summation of axial body forces and momepts,

c) provide total and sectional propellant mass flow, and

d) provide an auxiliary oscillator for a dynamic frequency
response check of the problem.

The reaction Jet pulses are generated by the Modulator Box,
This box consists of solid state circuitry cepable of accomplish=-
ing the following by individual selection:

a) Pulse Ratio Modulation

b) One0ff Control

c) Mi nimum Impulse Train

. . DATE  August 5, 1963
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(Continued)
d) Minimum Impulse One=-Shot Control

' The attitude or rotational control is capable of operating
in modes &, b, ¢ and d. Mode a requires both the absolute value
and the value of the error signal from the analog computer to produce
a pulse ratio modulated train, 'Modes b, ¢, and d operate on computer
signals directly from the pilot's rotational controller,

The translation or axial control is capable of operating

in Modes b, ¢ and d in response to computer signeals directly
from the pilot's translational controller,

The Modes a, b, c and d of the Modulator Box are described
below:

Mode "a" - Pulse Ratio Modulation

This mode has & basic minimum impulse width of 6 millie
geconds with provision to select additional minimmm pulse widths
in increments of 6 milliseconds up to a pulse width of 30 mile
liseconds.

The pulse frequency is a function of the pulse width such
that the product of the two varies directly with normalized error
up to the point of saturation which is full on. The following
sketch 1llustrates this operation:

' ?9%‘ - -’l %SA'(:-%

PULSE
‘FREQ. |

l‘ Hoar™!

3ol'h02

Tw W
M MW
- PULSE WIDTH

1.0

AT

Mode "b" = On-Off Control

Thié mode is a direct signal from controller through the
modulator box which provides a binary level signal to the logic
box.

THRUST OVUT !

« COMMAND 1N

OFF AT ZERO
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3.1.4.3 Mode "c¢" - Minimum Impulse Train

This mode provides both a flxed pulse width end fixed pulse frequenc
The pulse frequency is selected from a renge of from 1 pulse/second to
5 pulses/second. The pulse width is selected from a range of from ¢
milliseconds to 30 milliseconds.

The output 1s a continuous train operating at the selected pulse
width and pulse frequency for as long as the controller is displaced.

THRUSTOUT
= =

3.1.4.4 Mode"d" - Minimum Impulse One-Shot Control

This mode has a pulse width capability of from € milliseconds to 30
milliseconds. A single pulse of the selected pulse width is generated
for each control displacement.

' ‘ ”
The modulator box is fitted with indicator lights which show the -
operating mode. The Logic Box performs a distinctly different task

"than the Nbdulator Box but is physically located within the same
housing.

The function of the logic box is to select eligible reaction jJets
for firing dependent upon pilot controller inputs and specific fallure
switch settings. '

The logic box is comprised of solid state circultry which operates
'in response to binary levels "0" and "1" which are set by pilot con-
troller inputs through the analog computer. These binary levels are
fed to a system of Boolean statements (shown in Table 2) which in
turn activate the eligible jets for firing.

The logic box is capable of introducing a jet failure to any of the
16 reaction jets and an indicator to show pilot selection of a jet pair
failure. Table 3 illustrates the test matrix utilized to check 4he
operation of the control system modulator box and 1ogic box prior
to production running.

The pilot has a three axis translationsl controller mounted at his
left hand position. This controller consists basically of three micro-
switches which transmit a fixed level signal to the analog computer .
upon closure of each of the X, ¥, and Z axis switches. Mounted at the
pilot's right hand is his sttitude or rotational controller. This pro-
vides a rate command signal to the analog computer proportional to the
displacement of the controller about each of the three attitude axes p,
g and r. This controller has an electrical dead band built into it
vhich may be adjusted for compatibility with mechanical slop and pllot
feel. .Figure LU shows a position vs. rate commend calibration curve for
each exis.

Present configuration of the LEM RCS does not uxilize the rotation
al or translational minimm impulse one shot modes. This modg will not
. be investigated during the IIA Rendezvous simulation.
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PAGE 17
TABLE 2
FENDEZVOUS PEASE 208 LOGIC -

Reference L0-500-20

C = 1 enab.e 400 1lbs along X; C = O enable 200 1bs along X

A = enable Jets parallel to X-axis
Subseript 1,2,3,4 identifies Quad. I, II, III, IV

A = ] normal oiaera‘bion; A = O inhibit firing - jet pair isolated

B = enable pair of Jets in Y-2 plane, each Quad subscript identifies Quad No..

Bael, O« Same as for A

TL=4

Toom by

TSBAZ

Tg = Ay

T9=IA3

Qo (Re Xy iz3) + Ry E;zl'xl"* A2A3<Xe*%)] + %9y Ral(c‘““e'*“h'):] .
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|
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TABLE 2 cont d

- 33[ B v Bl_J * Foe [Yl“ Yp) Bth* +Bﬂ]
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LEM RENDEZVOUS SIMULATOR CONTROLLER AND LOGIC CHECK LIST
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4.0 DATA RECORDING PROCEDURE

The Simulation output data will be available in two forms, Amlog
voltages on strip chart recorders and xey plotters and digital pri:rbout
from a digital processing of Analog tapes.

'mirty-eight strip chart recorder channela will be availables to .
-record the requested date as a function of time., Unused channels will
monitor the more critical portions of the similation to assure proper
operation. Two x-y plotters will be utilized to plot requested - . - . . .
parameters as a function of & program variable other than time. '
Seven channels of Analog tape will be time=-shared by use of special
purpose multiplexers, A=-D conversion equipment (located at the Peconic
facility) and other peripheral equipment to generate thirty-two
channels of digital printout., This data will verify the terminal
readings that are made at the end of each Rendezvous run at the re-
quest of the design groups. The data in this form will allow a more
qualitative analysis of the recorder parameters during the total run.

The various design groups concerned with the subject matter of
the experimental test matrix have selected their required parameters
and the method of recording. The selections have been evaluated as
to availability and the recording form requested. Conflicts that
appeared from this evaluation have been satisfactorily resolved.

‘ . The design groups requesting data have been directed to have
cognizant personnel available to monitor the treaces as the teat
matrix runs of interest are being performed to assure proper data
recording and similation solution.
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5,0 EXPERIMENTAL TEST PLAN

5.1 Purpose

The major concern of this simulation is to determine the range of
expected pllot performance for accomplishing Rendezvous under the
various vehicle configurations and multiple malfunction conditions
proposed. The trajectories followed will minimize noncoplanar condi=
tions while eévaluating alternate flight control charactetristics under
manually guided Rendezvous. Man's ability to act as a manager and
programmer of fuel expenditures and some of his visibility require= - -
ments will also be investigated. In this section are contained the
information summation and requirements of those groups interested in
the Rendezvous simulation. The number of problems posed by these
‘groups precludes resolution of them within the two month experimental
period. Hence a priority has been established to achieve a maximum
possible benefit from this phase A simulation., Every three weeks
a review of the simulation will be conducted to determine priority,
experimental design, and/or vehicle changes which effect the conduct
of the experiment. The necessary and feasible changes in the simulation
will be implemented.

5.2 Experimental Description
5.2.1 General /

The numnber of variables to investigate is large and hence an
1ntegrated study of them all simultaneously becomes unwieldy. A
series of smaller experiments is planned with the aim of developing
‘one or two "best" systems for evaluation durlng the IIB simula-
tion effort. .

Two discrete types of experiments will be performed. The first
three investigations are preliminary ones designed to aid in defining
and tuning up the simulation system. The next two experiments will
be used to determine human performance data. The experiments will
be conducted in the following order: '

Preliminary Investigations

1. Determination of Mass Density Property Effects on the FCS
.2. Establishment of Flight Control System Characteristics
3. Validation of Rendezvous Trajectory Techniques

HumAn Performance Investigatione

4, Pilot Performsnce in Achieving Rendezvous under Varying
Degrees of Information Degradation. .

5. Pilot Performance with Flight Control System Degradations .
where it becomes feasible, portions of experiments will be combined

' ~SoNEDENT 00
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5.2.2 SubJect Prog:am

Each pilot participant will be subjected to the following
program:

1. Indoctrination

2, Pretraining in part task segments
3. Qualification in part task segments
4, Pretraining in Rendezvous task

5. Qualification in Rendezvous task

6. Experimental tests

In the indoctrination phase, & verbal description of the
Rendezvous problem, the limitations of the simulation, the flight
control system and its dynamics, the vehicle configurations that the
subject will be flying, and the criteria he has to meet for each
part task segment and full task will be given., A brief reeume of
the tasks required will also be given. The subject will be shown
the simulator and each control and display function and operation
will be explained. The automatic trajectory, normally used for the -
dynamic. check, will be used as a demonstration of an aceceptable
Rendezvous, Critlcal points in the trajectory will be shown to
the subject as well as how the various displays function during a
dynamic situstion, Of special interest will be the target and
starfield displays and their respective motions as the LEM achileves
Rendezvous,

Part task training will be concerned with four task segments:
: 1. Nulling I0S rates .
2, DBringing range and range rate to specific values

3. Making one correction step. (Control IOS rate, Range,
Range Rate)

4, Mgking a series of correction steps

‘Two different methods of visually nulling line of sight rates will

be taught to the subjects untll euch time as a decision is made
concerning the one best technique., Thereafter, only the best technique
will be taught, In addition, an all instrument technique will be
taught in which the window shall only be used as a check on the
instruments. Instruction in controlling range and range rate will

be limited to a single method. Once some proficiency has been
achieved in the two above listed part tasks, the subject is to follow
a epecific schedule of correction steps as a function of range from
some target, e.g., the CaM,

To define at least one common point on their respective learning
curves, each subject will qualify in each of the the tasks described
above, Qualification means meeting certain time, fuel, accuracy;and

rate criteria for each task in at least three out of five attempts.
The suggested criteria follow:

REPORT
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- 5.2,2 Subject Program (Cont.)

Estimated Qualification Criteria

. Null IO8 Rate Control Range and Renge Rate
Time _ 15 seconds 300 seconds
Fuel (A\/ -fps) 5 fps ' 4oo tps
Accuracy +10 millirad/sec, +10 fps

Note: Range change is 5 nautical miles; Range Rate change is
1 mile/minute '

The subject will be asked to apply his basic skills of nulling
. line of sijht rates and controlling range and range rates to various ,

trajectories, different inisiasl conditions, as part of his future
pretyaining in Rendezvous. Increased competance in the part tasks
will be expected as additional training in altermate trajectories
is provided. The last step in the training sequence will be to
quallfy each subject in at least two separate trejectories in each
of the various Rendezvous techniques.

2«3 Experimental Designs

5.3.1 | Experiment One ~ Mass Density Effects

For this experiment, a nominal flight control system, analytice
ally developed, will be used while the following are varied: Six
positione of the center of gravity, one moment of inertia set, and
three products of inertia sets. Pilot performance will be determined
for a task comparable to controlling range and range rate, by measuring
prilot abllity to attain a precise position and attitude, his fuel
consumption to perform the task, and the time per run.

An estimate of propellant usage, as the center of gravity
position is changed and as the products of lnertia are varied, is
required to provide data on the fuel usage for the total Rendezvous
task., A sequence of test runs to obtain this data is presented in
Table b , Figurels , RCS Jet Moment Arms Definition and Table 5
RCS Jet Moment Arms Lengths for Experiment One, details the
characteristics of the RCS jet moment. arms for this experiment.

OONEDENE g o 15T
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TABLE b
MASS DENSITY VARIATIORS

Run CG Position Products of Inertia Moments of Inertia .
Nos | X Y Z2 |Iyz |Ixs |y | Ix | Iy Iz
1| 24 0 0 | -0 | 160 -50 [2212 | 2025 | 1294
2 21“9 l l ” " i) " " "
‘ 3 21‘_9 ) 3 3 " "o " " Cow - on
h- 2,47 O o " " n " . . " "
5 - ol 7 3 ’ 3 n " }n " " "
6 alg 0 0 200 . | L4oo 200 2212 2025 1294
7 . 2)49 2 2 " ” " ) " 1] n
8| abg 0 O | hoo | 800 | ko0 2212 | 2025 | 1294
9 2)«}9 3 3 ”n ”" [}] [[] ’ 1"® "
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5.3.2 _&_t;@gimcnt ™wo; Flight Control System Characteristics

To establish the best set of operating characteristics of the
flight control system for the Rendezvous simulation, a series of
runs will be made using a nulling the line of sight rate task to
verify FCB response characteristice and define vehicle dead zones,

Table 6 presents the series of runs and the characteristics to be
evaluated per run.

Proportional rate command with and without attitude hold and direct
pulse train and oneoff reaction control modes will be used to
eatablish £light control handling characteristics.,

DATE . August 5, 1963
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5.3.3 gx_perimcnt Three: Rendezvous Trejectory Charscteristics

The purpose of this experiment is to eatablish efficient
techniques for achieving manusl mode Rendezvous from trajectory
positions at which the vehicle may be (and still Rendezwous) for

an initial range of 20«30 nautical miles from the C8M. Three
traJectoriea, employing three sets of initial conditions, will be
‘investigated. 'rwg of them may be considered typical trajectories
and one abort (90° synchronous or equiperiod orbit) in which
the vehicle does not attempt to land on the lunar surface, btut paues
through pericynthion and coasts to ‘the vicinity of the point of: :
prior separation from the C8M. To establish the most desirable tra.jee-,
tory characteristics, this investigation will be divided into rour

, perts as follows:

- 1. Nulling Line of Sight Rates
2. Range and Range Rate Control
3.. Rendezvous Technigues
L. Correction Step Sequence

5.3.3.1 Nulling I0ES Rates

Two methods of nmulling LOS rates will be investigated to
determine which method is most efficient from a time viewpoint,
consumes the least amount of fuel, and enables the pilot to main-
tain nulled I0S rates most precisely. One of the two LOS methods
introduces the subject to the restrictions imposed by the Primary
Navigation and Guidance System IMU on the vehicle rotations which

, can be tolerated. In other words, IMU Gim lock can occur ;
if the "X" body axis is rotated to within 25  of belng perpendicular
to the orbital plane of the CSM. In the Backup Guidance System,
a discontinuity in the attitude information presented to the
pilot occurs in a similar condition, but does not result in a
-glmbal lock situation. Hence, it is only necessary to look at
the case where the Primary Guidance System is functional, but the
man is flying the vehicle, The effect on LOS Method Two is to require
that the smallest component of the line of sight rate to be nulled :
by pilot rolling the vehicle. It is the pilot's decision, which compo
nent should be mulled, i.e., which is the smallest one. To aid him
in making this decision, the IIS type indicator which displays the two
components of inertial line of sight rate will have eight areas noted
in which directions will be given as to pilot roll rotation. Hence,
when the two needles intersect within one of these eight areas, the
pilot need only follow directions. Teble T represents the run
schedule for this phase. :

’ atront LED- 570;- 3
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TABLE 7
1OS RATE NULLING METHODS
T ECHNIQUE LOS Method One 10S Method Two
SEQUENCE W, & wk W, & W Pilot Roll Pilot Roll -
. J : J k vehicle to. vehicle to
%o zero to zero zero W sero W
goncure one compe k’_ J‘
~rently onent at translate ‘translate
a time to zero W,. to zero W, ,
S I
b ) )
ITRAJECTORY I,C. 90° 140%/90° 1409 | 907 140° | 90° 14o°
synch «2% |synch|=2% synch =2% synch ' =2%
i ! ' .

5¢3:3.2

* W le the smallest component,
Range and Range Rate Control

Range and range rate control will be studied by instruce
ting the pllots to fly to a specific spatial position, arrive
ing there within a specified envelope of attitudes and rates,
The magnitude of his thruevs with the RCS and the direction
will be determined by each subject, Table8 lists the runs.

Ak da

Lo Wd 1s the smallest component.
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. TABLE 8 o
RANGE AND BANCE RATE CONPROL TESY MATRIX
Terminal Positions o s = 6000 ft. & = 8000 ft
| h - 50,000 ft. © n = 65,000 ft.
) z = 0 3 z = 0
i : )
Veldcities ‘ ' )
(Terminal) s - 30 fps 75 fps 30 fps 75 fps
| h = 0 0 — 0. —
Inii;i;l o 5 = 16,000 ft,
Position & o h = 80,000 ft.
Velocities N z = 0
| 5= 100 fps '
% = o
h = '150 ﬁ)s

serorr LED-570-3 ‘
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5.3.3.3 Rendezvous Technlques

The desireability of controlling range and range rate
prior to nulling the line of slight rates will be studied by
following the schedule listed in Table 9. A complete Rendez=
vous trajectory will not be used herein; only a limited por-
tion of the trajectory is necessary.

TABIE 9

RENDEZVOUS TECHNIQUES TEST MATRIX

Technique -: - ONE - TWO
Sequence &) 10S Rate Control a) ¢ &'? Control
b) §& @ Control b) 10S Rate Control
Tre jectory o o o o
1.C. 180°Nom. | 90 syneh | 140°%, =2% | 180°Nom. | 90°%synch [140°% 2%

5.3.3,4 .Correction Step Schedules

The various correctton step schedules for each initial
condition set will be investigated by having the pilot sube
Jects fly complete Rendezvous trajectories. Each correction
step, composed of a nulling of line of sight rates and a
bringing of range and range rate %¢ specific values, will
be introduced as a function of renge from the CSM, Two differ-
ent schedules of correction steps will be used Tgble 10
repregents the run sequence,

TABLE 10

' CORRECTION STEP SEQUENCE

I.C.. 180° Nom. 140° 90° Synchronous
Trajectory «2% Thrust
Correction. | 20 20 20° 20 20 20
Steps 16 15 16 15 16 15
Schedule 12 10 12 10 12 10
(Range Points 8 5 8 5 8 .
{n nautical mile..) % o L 2 L -
) 1 1 1

; " seomr LED-570-3
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5.3.b Experiment Four: Degraded Information Bendezvous

It is the intent of this experiment to determine man's
performance if all the informmtion he requires to achieve
Renderwvous i3 not available or is not presented.in‘ths most
expeditious form for his immediate use. A nominal 160" cen-
tral angle transfer trajectory will be used upon which the
initial conditions will be based for full trajectory runs. -
The flight control system mode used will be Rate Command with
Attitude Hold. Three different tasks with four levels of
displayed information will be presented to the pilot. Failures
which when introduced result in the degraded information levels,
range from a Primary Navigstion and Guidance System (PNGS) -
failure to a concurrent breakdown of PNGS, Attitude Indicator
and the Rendezvous Radar. ‘

1. Information level "None" (See Table 11 ) is equivalent
to a PNGS failure or a cholce by the man to fly the
vehicle manuslly. All vehicle systems are operational;
all necessary Rendezvous information is presented to

the pilot. Hence, this conditlion provides base data with
which to compare man's performance in the degraded modes.
Leck of attitude information (6, @,V ) results from a
failure of the PNGS and the attitude indicator. Hence,
the control system is maintained in s rate command

with attitude hold mode, but the pilot is denied body
attitude position information.

" 3. A radar system failure (A,E,WJ,WK) eliminates all line

of sight radar information except that provided by the
CSM radar. Said radar can provide range, range rate, and -
total line of sight inertial rate (W) via the communi=-
cation link. The observer will take the part of the
C8M pilot.
. 4.,  In the last mode, a visual Rendezvous is hypothesized.
Multiple failures must have occurred in order for man
to rely on a visual rendezvous technique; this includes
failures of the PNGS, Radar and Attitude Display. The
Tlight control mode remains as Rate Command vith Attltude
Hold.
5. ‘The three types of task performances required of the
subjects (under the four information levels) include:
a) Nulling Line of Sight Rates
b) Controlling Range and Range Rate
¢) Flying Complete Rendezvous Trajectories. :
The first two tasks will be used to determine accuracy losses
due to the degraded information available along with the costs’
in time and fuel to accomplish each maneuver., The last task
will represent a summation of the individual trajectory part
tasks that were investigated plus the obtaining of performance -
data for the whole Rendezvous task. Table 11 1lists the pos-
gible information degradation conditions. Two visual Rendez-
vous methods are presented after the table. '

N
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5.3.4.1

1.
2,
3.

Te

8.
9.
10,
11.

120
13,
1k,

Visual Rendezvous Method One

Detect CSM in the starfield,
Pilot yaw vehicle to bring CSM to window (reticle) centerline,
Pilot pitch vehicle up or down to bring CSM to window (reticle)

‘center.

Monitor distance between reference star(s) and CSM for at least
ten seconds,

Thrust along "y" body axis in the dlrection of motion to bring

Wk component to zero, '

Monitor distance between reference star(s) and CSM for at least
ten seconds, , o ,
Thrust along "x" body axis in the direction of CSM motion to bring
W, component to zero.

J
Monitor star reference - CSM distance,
Maintain CSM in center of display.
Maintain distance between star reference(s) and CSM constant,

Decrease range and range rate according to schedule by firing
"z" body axls Jets. ‘

Monitor positlion of CSM WRT the star reference(s).
Repeat steps lsl2 as required,

Return vehicle to "Neutral" posltion.

DATE . August 5, 1963
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S.3.4.2 . : Visual Rendezvous uethod T™vo

1. n‘atect csu in the starfield.
2.  Pilot yaw vahicle to bring CSM to vindow (rcticle) cemter line.,__‘

3.  Pilot pitch vehicle up or down to bring CBM to window (zeticle),
' center.

L, - Pilot roll to bdbring starfield a.nd CGM motion paru.u.al to vcrt.ic-l _
lines of window (reticle)., Direction of pilot roll is determined by
the position of the CSM and the reference axis on the reticle, Roll
toward the axls which is neareet to the CaM.

5.  Monitor distance betveen reference star(a) ‘and CSM for at J.Gast ten
‘seconds,

6.  Thrust a.long "y body a.x.is in dlrection of. increase or dccuue of
star-CSM distance.

7. Monitor atar reference - CSM distance.
8. Maintain CSM in center of dieplay.

9. Maintain sta.rfleld-CSM motion para.llel to vertical lines on window
(reticle).

10. Maintain distance between sté.r. reference and CSM conntant.

11, Decrease range and range rate according to sched.ule by firing ngh ,
’body axis Jjets.

12, Monitor position of CSM WRT the star reference.

13. - 'Repeat steps l-12 ‘as required.

14,  Return vehicle to "Neutral" position.

o ' eonm i'.l _ apeott LEDaSTO=3
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‘ 5.3.5 Experiment Five: FCS Degradation Runs

This etudy will be conducted to evaluate man's performance
under varying modes of manual flight control in the conduct of part
and vhole task Rendezvous. Four FCS modes and three levels of
electrical White noise will be introduced into the investigation,
The Whitenoise is fed into the flight control system at the
Junction of the command and feedback signals from which the error
elgnal 1s generated, Table 12 is the run schedule,

W‘ | #p08T  LED-570-3 |
DATE  August 5, 1963
GRUMMAN AIRCRAFY ENGINEERING CORPORATION ’
£nNG-7) . :
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903 5 g&rhmt Pive: mnegadationnm (Cbnt ).

As s separste segment of this experimt an cn.hntion of
man's ability to detect and react to an "on" type Jet failure will
be conducted. The standard nulling 108 rates and range and remge
rate control task will be used as the task from which measurements
of performance will be made. Table 13 is the run schedule,

v Jets failed "on" ultimately must be turned off. In this
-similation the eight toggle switches are used to turn off jet

couples. . Hence, e.g., if jeta 5 end 9 fail, then jets 5 and 8 in

Quad II and 9 and 12 in Quad III would not be available. Jets ..
failed "off" must also be turned off via the same toggle switches.

This is necessary as a safety precaution (in the real world).

Table 14 lists each toggle switch and the jJets it can turn off,

Figure b1 presents the Jet configuration by number and quad,

v eerort LBD-570-3 :
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TABLE 13

ON TYPE JET FAIIURE TEST MATRIX

CJet . '
Failures # # - #5 # & #9.
Failure ON | OFF ON |OFF | ON |OFF ON | OFF

—~CONPIDRRMRE™ o oo
. . ] DATE .

August 5, 1963

GRUMMAN AIRCRAFT ENGINEERING CORPORATION
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TABLE 1k
JET COUPI_E "ON=-OFF" CONTROL
Toggle Switch Quad, Jets Affected System
1l I 1&%3 A
2 11 6&T A
3 I1I 9 & 12 A
4 Iv 14 & 16 A
5 I 2 &k | B
6 II 5&8 B
T III 10 & 1] B
8 Iv 13 & 15 B

N A4 AL

ENG.7y

DATE
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5.4 Performance Messures

Measures of LM performance fall into two euugories- Waole -
task and Part task perfornnnce.

M:xole Task measures are aé follows:

ag Terminal range

b) Terminal range rate.

c; Total RC8 Jet fuel used
d) Total time per run

9

Part Task measures are:

a) Time to detect C8M in Starfield (measured from run
start to precise pointing of "Z"body axis at CSM)

b) Time to perform correct action for "on" type Jet
failure. Time for "off" type failure. (Run start
to quad shut off)

c) Time to null 108 rate to 0.1 milliradians/second

d) Time to bring range and range rate to specific values.

e) Accuracy with which range and range rate can be brought
to specific value.

f) Number of runs required to train sub,ject to a specific
criteria.

g) RCS fuel consumed per nmull IOS rate step ‘

h) RCS fuel consumed per range and range rate eomction
step

1) . Accuracy with vhich 10S rate of 0.1 millgerad can be
maintained for unit time period.

- . apomr LED-570-3
AN 5 s 16
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5.5 Experimental Conditions

- Three sets of initial conditions are presented in Tadle 1k
for each of the several trajectories of ipterest in this simulation.-
They represent approaches to the CSM from three of the four quadrants
in the plane of the CSM orbit., In terms of CSM coordinates, this
means approaches from the lower left, lower right, and upper right
hand q\nd.ru.nts will be the only ones simulated., -

. ateont LED-5T0-3
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5.6 Data Processing and Analysis

_ Separate measures of vehicle performance will be recorded
on which analyses will be performed. Parameters measured are.
listed in Appendix A. Selected parameters will have the dats
-sample mean and range calculated, Some pertinent measure of
performance will be analyzed using the analysis of variance tech-
nique from which sources of deviation from chance happenings can
be determined. Predictive statements about pilot performance in
the Rendervous task can be made based on these analyses, An I
TO9% Analysis of Variance Program is available with which rapid
data analysis can be performed.
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FIGURE 1% = FCS Momept Arms Definition
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Attitude Control

Central Angle

- C. Gc"
Coplanar
Correction Step

oM

Direct

q
Xy, Yo 2

.e

esat
FCS

FPS

Ic
' 118

‘ Definition -
'Ihstnrtionoftheﬂl;hteoﬁrelmﬁﬁhich_
provides the dynamie furces upon the wehiele to

cause attitude corrections, either marmmally or
autcmatically

Backup guidance system
The angular rotation (in degrees) of a body about

referenceinthiamethemndiumh Lanar
€. G. line

Center of Gravity
Iying in the same plane
A mlling of the inertial LEMeCSM Line of sight rates

and a bringing of the LEM«CSM Relative Range and
Range Rate to specific values

 Commmand Service Module

An open loop, acceleration command attitude control
mode

Modulator Desdzone (degrees)
Normalized Error

Normalized Saturation Error
Flight Control System

M1l Mission Engineering Simlator

Feet per second

Pulse | Frequency (pulses per second)

Initial Condition
Indicated Line of Sight
Inertial Measuring Unit

Attitude Controller Semsitivity (Gain) -

(_ De 8 per Second)
\.ﬁ.l..“ .g’.-ig. Trow .

Modulator Gain

— TED=5T0=3
2=LONEBEM= 0" At 5, 1563

GRUMMAN AIRCRAFT ENZUINELREING (DRPORATION




we.73

X) Y%

10G Rate Qontrol

Ninimm Impulse

QUAD

Range and Range
Rate Control

RG9S
SYNOR
Tranalation Coutrol

White Noise

WRT

$ vos

Tros
Tw

GRUMMAN AIRCRAFT ENGINEEBING CORPORATION

- Nominal

QIQBSARY (Continued)
Definition
Rate Peedback Gaia

Rate Integrator Feedback Gain

Iunar Excursion Module

Reducing the rotational line of sight (108) Vestor
to Zero

An open loop, acceleration command attitude and
translation control mode in which & train of minimum

ii:rmulu bits are generated to provide dynamic vehicle
orces

Nautical Miles

Primary Navigation and Guidance System

Bet of Four RCH Jets

Providing Dynamic forces to the vehicle in such &
manner a8 to twing the relative runge and range rate
between the LEM-OSM to specific values

Reaction Control System (Reaction Jets).

Synchronous

That portion of the FOS which provides the dynamic
forces upon the vehicle to cause it to move linesrly
along any of ite severel axes, either manually or
automatically

Gaussian noige of equal power density over entire
frequency renge with which we are herein concerned

With respect to

Flight Control System Damping Ratio

Flight Control System Time Constant (seconmi )
Pulse Width (milliseconds)

Reaction Jet Time Constant (seconds)

Flight Control System Natural Frequency (radians
per second)

weont LED=5T0=3
oatt  August 5, 1963




wemorx o ~SIQNRENTE . o
DEFINITION OF SYMBOLS - LEM RENDEZVOUS BQUATIONS -
& .. ] ':
L ' DEFINITION ! UNITS ||SYMBOL, DEFINITION | UNITS
+ P -
Bx - L!M Bqdy ‘Axis Force Lbs. 277 LEM Mass 6lugs
«Xg Direction ‘ 3
&y |-LBM Bedv Axis Force , Los. g- |LApollo orbital Anguler Rad/Sec
| Ylbiract lon : 4 Velocity -
8g | LB Body Axts Force we. || o |Benee Pt
: Zp Direction
#- i lecal Yewhleml Force | Lbs. e Relative Velocity im Ft/sec
‘/ ry, Direction : / Xp Direction . '
fy, |-1oSAL Vertical Force Ibs. ./, | Belstive Velocity in Pt/gec
', ) Direction ‘ £2 Yp Direction |
A Mrtigg;_lfgrce Relative Velocity in It /Sec
;’?2 " pp Direction - Lbs, Ve Zp Direction ™/
_ e - ,
Direction Cosinea, Body Range Rate Ft
# < - . gec
4133 to local Vertical S , o /8
», zg'w Bodyv - Nz Line of 8ight Velocity n/ﬁhc
‘:.-..’. to Local Vertical Y| Adie ¥ Axia
. JPirection Cosines, Body - , ‘Line of Bight Velocity . Pt/8ec
74,3 to Local Vertical | A Along ki, Axis
5 | Relative Velocity Between Pt/Sec || 4, , s} DiRSctionCogines e | -
LEM and CSM Orblt Circle Y97 Body to ne of Bight |
Ky Belatiye Displacement Along | m U232 Direction Codines - -
| Ara of C8M Orbit Circle *” | Body to Line of Sight
é‘ Radial Velocity Be_tvéen _ Ft/Sec /2 Direction Cosines - -
IR and CSM Orbit Clrcle 2.7 I'pody to Line of Sight -
- VST Line of 8ight Inertial
,  |-Badial Dicplacemant ¥rom | Ft ' . Rad/gec
% 0BM Orbit Circle Wi [ imealar Velootty
4 lative Acceleration 2 Line of Sight , Rad/Sec
: Ft/sec< || £/ :
jE‘ »EsB;EEI~{3-E§H OfPlt - Inertial Angular Velocity
z§ ‘Relatlve Velocity Normal pe/sec || 4 Azimuth Angle Rad
to C3M Orvit
Z |Jslative Nommal Displacement | & |Flevatlion Angle Rad
' ! + -
5 Relative Angular Redtans|| / ;;4%:@&_19.?9»&1; = Asds Ft-Lbs
& -Diaplacement : i

REPORT: LED-570-3
DATE: August 5, 19€




APPENDIX A (Comt.)
DEFINITION OF SYMBOLS -~ LEM RERDEZVOUS HQUATIONS
i : }
SYMBOL DEFINITION J UNITS || 8YMBOL } DEFINITION UNITS
r A,,.--.....,....”;ﬂ - ‘_ - "
A Moment About Yp - Axis Ft-Lbs ¢ . | Inertial Buler Angle i Rad/Sec
| { ¢ 1 Roll Rate
! ‘{ T
) nt - ] : 4 N
A Meme About Zp - Axis |Pterbe &, ’%;gg,rgu Pitch Angle ' rad
; ’ i — : e
4 s
_70 Accelerstion Rad/Sec® @, Inertial Yaw Angle Bad
About Xp - Axis 0 '
. Angular Acceleration _|Rmd/Sec? ¢ . |Inertial Roll Angle Rad
? _ About Yp - Axis < : : .
N . - — _.---—-..__....‘. e e g e L s e e e o ‘ —— A
. /1 | Angular Aceelerstion |Rad/gec? 70 / |Angalar Rete About Xp = Axig ed/ o0
. About %! - Axis s W.R.T. Local Vertical I
pe | Angular Pate About Xp - Axts 1o ||/ |Angwler  te About Yp - Axis | pliigen
1 ‘ - 5 / ! HQRQT- Iocal vertical ) :
- , /
f Angular Rate About Y - Axis Rad/Sec /_J/ Angular Rate About Zp « Axis Rad/8ec
r W,R.T, Local Vertical .
r Angular Rate About Zp - Axis jRad/Sec ‘(4 ngf-_antg . 1/m
.- ,f. L e— ’ R . A
]. | Inertia « Xp -~ Axis iBlug- "2 9‘ Euler Angle Pitch Rafe Mad/Bec
X ‘ : : e W.R,T, Iocal Vertical:
- — -
I Inertia - YB - Axis Slug-Ft2 ;é Euler Angle Yaw Rate Rad /Soc
4 W.R.T. Iocal Vertical :
7, (lpertis - 7g Axis —lstug-re2 ]| ¢ Euler Angle Roll Rate ‘ Rad/Sec
£ , W.R.T. local Vertical .
 Hnertia Cross = Product . ls1yuo-pt2 |Pitch Rad
Lxy -‘ Slug-Ft= || &  FRID. Tocal Vertical -
) Inertia Cross - Product mug-rt‘? . |¥aw Angle Rad
Iyﬁ . % W.R,T. Local Vertical ’
, Inertia Cross - Product e , {Roll Angle e .{Rad
Ixz | | e Pt: {‘2{ W.R.T. Local Vertical 1
é ) Inertial REuler Angle ;Ra.d/Sec f gﬁpaction Jet Thrusts Lbs.
£ | Pitch Rate S | TSRS N
-8 rtial Fuler Angle ﬁad /3ec v, - .Reaction Jet Moment Ams e
%'- Yaw Rate : = in X Direction
X P I PO SO . - e

EONRDENIM=

REPORT: LED-570-7
DATE: August 5, 1



DATE: August 5, 196

- AONEBENT PAGE: T
- APPPEDIX A (Conmt.)
DEFINITION OF SYMBOIS - IEM BENDEZVDUS MHPIONS
| snooL  pEFINITION UNTTS {|SYMBOL:  DEFINTTION . unTTs
Relctioq Jet Moment_,A;gns Pt Translational RCS
y//z S d in EE Diyection M 10 ' . 8lugs
- SN || . : - ¢] o
2/2 3 Reaction Jet Moment Armg Pt yy | Translational RCS Slugs
daldC in Zg Direction y | Puel Consumed in X Direction
1 el Consumed | giygs A Translational RC8 '
— Slugs
777)/ in Xp Direction g Fuel Consumed in X Diyection ,
BReaction J : Reaction Jet Fuel -
2y e e onmed_ sluga || . - Slugs
L. B — , . |Consumed in RCY System A
772 LRegction Jet Fuel Consumed w Slugs M. Reaction Jet Fuel Slugs
in Zy Direction - S | Consumed in RCS System B
- Reaction Jet ‘Fuel Consumed : Slugs
7% T ol T (Fie. W) ’
Reaction Jet Fuel Consumed *
2, —— - Slugs
_____ /ﬁ' in Quad II 1 L
- _- tion Jet Fuel Consumed ‘
ﬁa i .R.eac . Slugs
A in quad I ]
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